Abstract. The importance of microstructure in materials science rests in its ability to establish links between processing and properties. Many properties of concrete are governed by structure at the nano-scale, notably by the variable and difficult to study calcium silicate hydrate. A basis for recent progress has come from viewing the nanostructure as a colloid or granular material (referred to here as C-G), with certain properties assigned to the grains and other properties assigned to reasonably well defined packing arrangements of the grains. This approach taps into both colloid science and granular mechanics. This approach is rich both conceptually and quantitatively. This paper describes recent progress using the C-G approach to understand drying shrinkage and creep, with a view towards further reconciling a vast literature, and improving quantitative relationships between structure and properties.
terms of how they change with time, temperature, moisture content and load. Calcium silicate hydrates (C-S-H), which are of variable composition and structure, are of central importance. Their structure is nearly amorphous and can experience irreversible changes at any time making it intrinsically difficult to characterize. One broad question is whether C-S-H is better characterized as a continuous material that contains pores or as a granular material composed of reasonably welldefined particles that pack together into different arrangements, and the gel pores are the spaces between particles.
A Case for the Colloid/Granular Approach
Microstructure or, in the case of cement based materials, nanostructure serves as the link between processing and properties. From the chemistry perspective the nanostructure has been studied recently as a colloid [see for example 2, 3] . Also from the mechanics perspective C-S-H has been studied recently as a granular material [see for example 4] . This paper further explores some of the advantages and challenges that come from posing certain questions about the nanostructure of cement paste from these perspectives.
In many respects the structure of C-S-H is reasonably well understood. For example at the molecular scale it is composed of layers, much like clay, and water can move in and out of these interlayer spaces. Historically, the main points of contention [1] have centered on the value of specific surface area. On the one hand a lower value of specific surface area, as is measured by nitrogen sorption isotherms, implies that pores 1 -2 nm are not particularly abundant or important [5] . On the other hand an extremely high surface area, as is measured by water sorption isotherms, implies that the smallest pores are abundant, and important.
These two opposing views have remained [1] , although a new hybrid model, called CM-II, has been proposed [2] . Recently, sophisticated neutron scattering experiments have provided definitive information about the density, composition, and size of C-S-H particles [6] . Aggregates of nano-bricks fill space with specific packing densities. The nanobricks have a layered structure, but they pack together as colloids or grains of solid, and the grains have one set of properties, and their larger scale packed arrangement another set of properties. For the sake of brevity this structure will be referred to here as the C-G structure.
It has been shown recently [4] that elastic properties are best described by the principles of granular mechanics. The self-consistent scheme gives a linear relationship between porosity and modulus with the percolation threshold of packed spheres being 50% porosity and maximum stiffness, that of the nanobricks, at zero porosity. Data from nanoindentation experiments supports this trend.
While elastic properties of concrete are important, the visco-elastic properties that occur upon drying or under load are central to deformation, cracking and associated durability. The literature here is particularly vague with no definitive and verifiable mechanisms of irreversible deformation [7] . The three most discussed mechanisms involve thermally activated "creep centers," the motion of water in and out of hindered spaces (that are not well defined), and water moving in and out of the interlayer spaces.
CM-II taps into both colloid chemistry and granular mechanics in an attempt to further define mechanisms of viscous flow. The rearrangement of nanobricks has the advantage of providing a mechanism for viscous flow and poses new questions that may be investigated experimentally. Aging due to time, increased temperature, load and irreversible drying shrinkage are due to rearrangement of packing of the bricks often with the effect of reducing the volume of pores in the 5 -12 nm range [8] .
Water in the Smallest Pores
Textbook analysis of drying shrinkage describes possible roles of capillary water, disjoining water, and surface water on shrinkage but these phenomena are totally reversible. The roles of capillary underpressure and adsorbed water on surface tension are fairly easy to conceptualize. The former has been analyzed recently in some detail and a new formula for elastic (reversible) drying shrinkage has been proposed [9] , Eq. (1), which accurately predicts elastic shrinkage of cement paste during drying to about 50% rh. If C-S-H is composed of nanoscale particles with a well defined pore system, it can be treated as a partially saturated drained granular material. 1 1
where v ε is the volumetric strain (contraction defined positive), b K is the drained bulk modulus of porous material, K is the effective modulus of the solid plus empty pores (or solid plus partially filled drained pores), and p c is capillary pore pressure:
where R is the universal gas constant, T is the absolute temperature, h is the relative humidity, M is the molar volume of liquid, γ is the surface tension of liquid, and m r is the size of the largest pore that remains full of liquid. However, it has been also argued that disjoining pressure plays a dominant role and capillary pressure is only secondary [10] . A problem is that disjoining pressure has not been defined well enough to quantitatively evaluate. A key to using Eq. (1) is to determine the degree of saturation, the fraction of water that is subject to capillary forces, and this is not be all of the evaporable water in the paste. It must exclude the water experiencing disjoining pressure. Perhaps this water is thermodynamically similar to the high pressure side of an osmotic system. In the dried state they are aligned and in the wet state they swell due to disjoining pressure that builds within the smallest pores. Disjoining pressure diminishes on desorption starting at about 20% rh, and increases on adsorption starting at about 80% rh, which is the fundamental reason for the hysteresis in the sorption isotherms in the CM-II model Disjoining Pressure
Disjoining Pressure
Water under disjoining pressure must be located in the smallest confined spaces, and is likely to be the water sometimes referred to as "hindered" or "constrained." It is water between surfaces that are separated by a distance such that they are still in the potential well that defines their equilibrium separation. CM-II [2] identifies this as being responsible for the low-pressure hysteresis measured for water sorption. This water is only removed at the lower pressures and only reenters at the highest pressures. Disjoining pressure is a positive pressure that pushes the surfaces apart from their equilibrium separation. When it enters the smallest pores in C-S-H it may have the effect of causing swelling, similar to blowing up a balloon, which also stiffens the solid matrix.
The Water Sorption Isotherm -A Dilemma and the Role of Disjoining Pressure on Drying Shrinkage
A typical water sorption isotherm is shown in Fig. 2 along with graphs of length change modulus as functions of partial pressure of water. A striking and seldom discussed feature is that at any particular relative humidity the desorption curve exhibits less shrinkage and less water loss than the adsorption curve. This is in spite of the fact that during desorption a capillary is maintained down to about 50% rh whereas during adsorption it is not reestablished until the highest pressures. This is contrary to the obvious fact that the added negative pressure during desorption should lead to greater, not less, shrinkage. Other contradictions [10] include the observation that when the capillary reestablishes itself on adsorption shrinkage should be observed, and when the capillary breaks on desorption expansion should be observed. Both disjoining pressure and capillary underpressure play a major role in drying shrinkage, and by implication in creep. Additionally, of course, at very low pressures surface energy and associated Bangham forces play the dominant role, but there is general agreement on this. Wittmann and colleagues [see for example 10] have championed the idea that disjoining pressure greatly exceeds capillary underpressure, particularly under the circumstance that the aqueous phase is rich in cations. The view presented here is a hybrid picture. Much of the argument relies on CM-II, which was developed primarily from independent observations of density, moisture content and surface area arguments. Water responsible for disjoining pressure must be located in the smallest pores, the interlayer spaces, the IGP and the SGP (using CM-II terminology). The pressure comes from the force of pushing the walls apart from their equilibrium separation distances. Fig. 2 The dependence of a) water sorption isotherm, b) strain, and c) Young's Modulus on relative humidity. The hysteresis is caused by the "hindered" or "constrained water, which is the water under disjoining pressure. Data from Feldm an [11] Decrease of Disjoining pressure Modulus Volume
Increase of Disjoining pressure Modulus Volume A summary of Wittmann's arguments [10] includes an experiment where the separation distance of little quartz balls exhibits a hysteresis with similarities to cement paste except that it only occurs above about 35% rh. . Here there are no complicating tiny pores and the increasing separation with rh must be due to disjoining pressure. Again the presence of a meniscus during drying decreases, instead of increases shrinkage. The difference between desorption and adsorption is the presence or absence of a meniscus, which when present controls the rh of the empty pore making the disjoining pressure independent of rh. During adsorption the disjoining pressure a function of rh, and expansion is governed by this alone until the highest rh.
However cement paste is more complex, with hysteresis at all rh's. If some of the water associated with disjoining pressure is within the nanobricks, this water does not enter and leave the structure reversibly [2] . The nanobricks and their packing arrangement forms the skeleton, and since the nanobricks can be partly empty during adsorption they must be less stiff than they are during desorption. This explains the modulus measurements as a function of relative humidity as shown in Fig. 2 . Unfortunately, by these arguments, the disjoining pressure is not a simple function of relative humidity. It is constant during desorption until the meniscus becomes unstable and it is a function of rh during adsorption until the meniscus forms. Thus, disjoining pressure is active at the scale of the nanobricks, whereas the role of capillary pressure acts over a much larger scale. This argument is fundamentally C-G, in that it assigns one set of properties to the nanoscale as one function of relative humidity and another set of properties to a larger scale with its function of relative humidity. It is important to note that the modulus of a drained porous system depends only on the modulus of the skeleton, which in this case is the nanobricks and their packing arrangement.
According to Eq. (1), the shrinkage is a function of degree of saturation, the modulus of the system, the modulus of the solid skeleton, and the capillary pressure of the liquid. According to these arguments the primary reason why the adsorption branch of the length change vs relative humidity isotherms is always below the desorption curve is that the modulus of the particles is less along the adsorption curve, except at the very highest rh's. Furthermore, the lack of observed expansion or contraction as the meniscus breaks or reforms is because the modulus is rapidly changing as a function of rh at these points. Thus bulk modulus of the system in Eq. (1) is not constant, except on the desorption curve down to when the meniscus becomes unstable.
Grains and Irreversible Flow
Both drying and creep have irreversible components, but important distinctions give hints about each individual mechanism. These will be discussed in light of the role of moisture in various parts of the structure as discussed above.
Irreversible Drying Shrinkage
Drying alters the structure of pores [8] and therefore by implication of packing arrangement of the particles. This is almost self-evident from the observed variability of surface area as measured by nitrogen. Higher surface areas are associated with conditions where little time is allowed for particle movement or when surface tension of the aqueous phase is lowered by techniques such as solvent exchange.
During drying most of the irreversible component of shrinkage occurs above 50% rh, and most of the ultimate irreversible component occurs during the first drying. Recent SANS results [12] indicate that the packing becomes more compact, but that very little change occurs in the nanobricks (although their water content and density may change slightly). A granular model where the grains rearrange under the influence of capillary forces best reconciles these observations. When a colloid is dried several distinct stages have been identified [13] . The first stage is the constant rate period (CRP) when the solid particles pack more tightly at the same rate as water is removed so that water never enters the interparticle region. This is a period of irreversible change in structure. At the "critical point" the water gas interface enters the gel structure and internal pores start to empty. This "first falling rate period" is when stress builds and associated cracking occurs. In the case of C-S-H the largest pores within the gel are about 10 -15 nm, which dictates a "critical point" at about 85 % rh. Below this rh the liquid gas front can be very irregular and some further rearrangement of particles is possible depending on how well packed the particles are at the critical point.
Creep
The mechanisms of creep are difficult to investigate and are not well understood. The several models in the literature [7] , including a) thermal activation of a deforming micro-volume, redistribution of "hindered" water between particles, and interlayer sliding, all lack direct evidence within the nanostructure. The model described here, however, has some specific implications about certain creep phenomena. For example it has been shown that creep virtually stops if a sample is dried and upon rewetting it only starts again at a relative humidity of 50% and gradually increases as humidity is increased [14] .
Granular materials deform under stress with a rate that depends on cohesion and friction between particles. The model described here suggests that during rewetting the water associated with disjoining pressure, within and between nanobricks, begins to build pressure at about 50% rh, which acts to reduce the cohesion and/or friction between particles. This leads to the irreversible component of creep and it gives an new physical interpretation to the seepage of "hindered water" as described by Bazant [15] that controls rate of sliding.
The question becomes why does creep slow with time, something Bazant explained by the exhaustion of creep centers. The stress in a granular material is not distributed evenly; it is carried by columns that transmit most of the load. These stress columns change during flow, and somehow the gel may harden. Also, the nanobricks may become aligned by rotation as the gel deforms and this process may be limiting. This would easily explain why creep can become reactivated by changing the direction of load. The major point here is that exploring the nanogranular nature of the gel leads to specific questions that can lead to a new approach to experimentation.
Creep, Recovery and Drying
Powers [16] described a small unexplainable effect observed during water adsorption and weight gain experiments, which in one form or another has frustrated simple interpretation of certain experiments in our lab. In Power's experiments the effect is most pronounced when dried samples are resaturated at about 50% rh. First, the sample gains weight (if the paste is ground into fine particles this takes about a day) and then it mysteriously loses a little weight very slowly during the following days. According to CM-II the nanobricks in dried C-S-H are aligned as is observed in an electron microscope [17] and shown schematically in Fig. 1 . These aligned nanobricks entrap tiny pores similar in size to IGP size. Upon rewetting these pores fill and disjoining pressure pushes adjacent surfaces apart so that the nanobricks return to the more open pattern of the original saturated structure, as is seen by neutrons [12] . The pores change in size during resaturation, however, the smallest pores fill with water that becomes pressurized and the new equilibrium, which involves the slow diffusion of this water leads to a reduction of the smallest pores, and associated slow weight loss. In this model, therefore, the pore system gradually changes under the influence of disjoining pressure.
Creep recovery, when the applied load is removed, also has a similarly mysterious origin. If, however, the nanobricks align under the influence of load contributing to basic creep, the aligned particles may slowly spring back to the more open structure when load is removed. Again disjoining pressure pushes aligned particles apart.
Change in temperature causes relatively large volume changes in an aqueous phase compared to the solid, which builds pressure gradients in the same way as drying. If a sample is first dried slightly and then subjected to load, creep is reduced, but if a sample is dried during load the combined strain is greater than the linear combination of separate strains due to creep and drying. This is known as the Picket effect. A contributing factor to this effect could be that pressure gradients tend to pull the particles apart, which in effect reduces contact forces, "lubricates" the motion of particles. While the literature has considered the differential shrinkage across larger scales as a force that causes cracking, and has attributed the nonlinear coupling of load and drying to the suppression of cracking (an expansion that reduces the apparent drying shrinkage) under compressive load, this explanation is fundamentally different, and depends on the C-G nature of gel.
Thoughts on Design of Concrete and Concluding Remarks
If the mechanisms discussed here control creep and/or shrinkage then strategies for altering these properties must address the C-G nature of cement paste. Thus for example fibers or particles slightly larger (relative to 5 nm grains) than the nanobricks could potentially disrupt flow. More information about cements that incorporate small particles and reactive mineral admixtures must be developed.
This paper outlines some of the consequences of exploring the structure and properties of cement paste from the nanogranular or colloid perspective, referred to here as the C-G approach. Certain properties are assigned to the grains and other properties to intergranular interactions and pores. It is a start, and these ideas must be translated into quantitative terms and tested against data. This description stimulates experiments from a new perspective and while there remains much to do it is appropriate to share the concepts and invite other investigators to test, criticize, alter, and build on these ideas. Some specific hypotheses that come from this approach, and from CM-II are:
• Pores are not constant and change in volume and size with many variables including drying, load, age etc. The packing arrangement of C-S-H changes upon drying and is also influenced by drying rate. The packing arrangement also changes under external load.
• Disjoining pressure plays a major role in both modulus and viscous flow of C-S-H. Along with capillary underpressure it is responsible for the observed hysteresis in length change rh curves. An explanation for this hysteresis is advanced. It also influences interparticle forces including cohesion and friction.
The value of disjoining pressure is not a state function of relative humidity. It depends on relative humidity history and is responsible for the large hysteresis in sorption isotherms, modulus and other properties. Finally this figure provides a broad overview of strategies that might be explored using the concepts briefly discussed here. For example the C-G approach identifies specific pores into which polymers with specific properties might be introduced, with consequent impact on a variety of properties. Similarly small particles or fibers might alter the viscous properties of gel with impact similar to altering strength, which is the main property usually measured. The major idea of this paper is that engineering the nanostructure will open the door to specific properties, particularly visco-elastic properties into cement based materials.
